Anatase TiO 2 (a-TiO 2 ) exhibits a strong X-ray absorption linear dichroism with the X-ray incidence angle in the pre-edge, the XANES and the EXAFS at the titanium K-edge. The strong p-orbital polarization and strong p − d orbital mixing in the pre-edge is the cause of this effect. An unambiguous assignment of the pre-edge peak transitions is made in the monoelectronic approximation with the support of ab initio finite difference method calculations and spherical tensor analysis in quantitative agreement with the experiment. Peak A2 which was previously assigned to a transition involving pentacoordinated titanium atoms exhibits a quadrupolar angular evolution with incidence angle. These results pave the way to the use of the pre-edge peaks at the K-edge of a-TiO 2 to characterize the electronic structure of related materials and in the field of ultrafast XAS where the linear dichroism can be used to compare the photophysics along different axes.
Introduction
Titanium dioxide (TiO 2 ) is one of the most studied large-gap semiconductor due to its present and potential applications in photovoltaics [1] and photocatalysis [2] . The increasingly strict requirements of modern devices call for sensitive material characterization techniques which can provide local insights at the atomic level [3, 4] . K-edge X-ray absorption spectroscopy (XAS) is an element specific technique, that is used to extract the local geometry around an atom absorbing the X-radiation, as well as its electronic structure [5] . A typical absorption K-edge is usually composed of three parts: (i) at high energy above the absorption edge (typically > 50 eV), the extended X-ray absorption fine structure (EXAFS) contains information about bond distances. Modelling of the EXAFS is rather straightforward, as the theory is well established [5] . (ii) The region of the edge and slightly above (< 50 eV) represents the X-ray absorption near edge structure (XANES), which contains information about bond distances and bond angles around the absorbing atom, as well as about its oxidation state. In contrast to EXAFS, XANES features require more complex theoretical developments due to the multiple scattering events and their interplay with bound-bound atomic transitions. (iii) The pre-edge region consists of bound-bound transitions of the absorbing atom. In the case of transition metals, the final states are partially made of d-orbitals. Pre-edge transitions thus deliver information about orbital occupancies and about the local geometry because the dipole-forbidden s-d transitions are relaxed by lowering of the local symmetry. The Ti K-edge absorption spectrum of anatase TiO 2 (a-TiO 2 ) exhibits four pre-edge features labelled A1, A2, A3 and B (see Figure 2 ), while rutile TiO 2 only shows three [6, 7] . These have been at the centre of a long debate, which is still going on, especially in the case of the anatase polymorph [8, 9, 10] . A summary of the assignment of pre-edge transitions from previous works is given in Table 2 .
Early theoretical developments to explain the origin of pre-edge features in a-TiO 2 were based on molecular orbital (MO) theory [11, 12, 13] which showed that the first two empty states in a-TiO 2 are made of antibonding t 2g and e g orbitals derived from the 3d atomic orbitals of Ti. Transitions to these levels have, respectively, been assigned to the A3 and B peaks while the absorption edge is made of Ti t 1u antibonding orbitals derived from Ti 4p atomic orbitals. Although MO theory can predict the energy position of the transitions accurately, it cannot compute the corresponding cross-sections and does not account for the core-hole to which quadrupolar transitions to d-orbitals at the K-edge are extremely sensitive [9] . The corresponding transitions are usually blue shifted by the core-hole and appear as weak peaks on the low energy side of the pre-edge. In a-TiO 2 , peak A1 contains a significant quadrupolar component [9] which explains the inaccuracy of MO theory to predict this transition. Full multiple scattering (FMS) is a suitable technique to treat large ensemble of atoms and obtain accurate cross-sections [12, 14, 10, 8] . A consensus has emerged assigning A1 to be of partial quadrupolar character, A3 a mixture of dipolar and quadrupolar character with t 2g orbitals and B, a purely dipolar transition involving e g states [12, 15] . However, as correctly pointed out by Ruiz-Lopez [12] , this simple picture of octahedral symmetry energy split t 2g and e g levels becomes more complicated in a-TiO 2 because of the local distorted octahedral environment (D 2d symmetry) which allows local p − d orbital hybridization [16] . In that case, the dipolar contribution to the total cross-section becomes dominant for every transition in the preedge [17] . In addition, the cluster size used for the FMS calculations has a large influence on the A3 and B peak intensities showing that delocalized final states (off-site transitions) play a key role in the pre-edge absorption region [12] . Finally, the local environment around Ti atoms in anatase is strongly anisotropic and Ti-O bond distances separate in two groups of apical and equatorial oxygens which cannot be correctly described with spherical muffin-tin potentials as implement in FMS.
Empirical approaches have been used by Chen and co-workers [18] and Luca and co-workers [19, 20, 7] to establish correlations between the Ti K pre-edge transitions in a-TiO 2 and sample morphologies, showing that bond length and static disorder contribute to the change in pre-edge peak amplitudes [18] and that the A2 peak is due to pentacoordinated Ti atoms [19, 20, 7] . Farges and co-workers confirmed this assignment with the support of multiple scattering (MS) calculations [14] . The recent works by Zhang et al. [21] and Triana et al. [15] have shown the strong interplay between the intensity of pre-edge features and the coordination number and static disorder, in particular in the case of the A2 peak.
The clear assignment of the pre-edge features of a-TiO 2 is important in view of recent steadystate and ultrafast XAS [22, 23, 24] and optical experiments [25] . In our picosecond XAS experiments on photoexcited a-TiO 2 nanoparticles above the band gap, we observed a strong enhancement of the A2 peak in particular and a red shift of the edge [22] . This was interpreted as trapping of the electrons transferred to the conduction band at defects that are abundant in the shell region of the nanoparticles [22] . We further measured the trapping time with femtosecond resolution and concluded that the trapping occurs in < 200 fs, immediately at or near the unit cell where it is created [23] . Further to this, the trapping sites were identified as being due to oxygen vacancies (O vac ) in the first shell of the reduced Ti atom. These O vac 's are linked to two Ti atoms in the equatorial plane and one Ti atom in the apical position which induces two different responses at the Ti K-edge when a charge gets trapped at an O vac [23, 26] . However, these hypotheses await for confirmation based on further experimental and theoretical studies, which for the steady-state case, we present in this article. In particular, the study of photoexcited single crystals is planned in which the first transition at the optical gap has been identified as a 2-dimensional (2D) exciton in the 3D lattice of the material [25] . The robustness of this transition with respect to defects hinted to possible applications in relation to energy and/or charge transport. The time-resolved XAS study of single crystals with a controllable amount of O vac 's would be important to clarify this transport.
Recently, there have been two main developments in the computation of XANES spectra. The first is based on band structure calculations (LDA, LDA+U,. . . ), which compute potentials selfconsistently before the calculation of the absorption cross-section with a core-hole in the final state [17, 27] . This approach provides excellent accuracy but is limited to the few tens of eV above the absorption edge due to the computational cost of increasing the basis set to include the EXAFS. The second one, the finite difference method for near-edge structure (FDMNES) implemented by Joly [28, 29] , overcomes the limitations of the muffin-tin approximation in order to get accurate descriptions of the pre-edge transitions especially for anisotropic materials. The recent theoretical work by Cabaret and coworkers combining GGA-PBE self-consistent calculations with FDMNES [17] concluded that in a-TiO 2 , peak A1 is due to a mixture of quadrupolar (t 2g ) and dipolar transitions (p − t 2g ), A3 to on-site dipolar (p − e g ), off-site dipolar (p − t 2g ) and quadrupolar (e g ) transitions, while B is due to an off-site dipolar transition (p z −e g ). However, experimental support to the pre-edge assignments is still lacking, and is unambiguously provided in this work using linear dichroism (LD) XAS at the Ti K-edge of a-TiO 2 with the theoretical support of ab-initio full potential FDMNES calculations and spherical harmonics analysis of the XAS cross-section. We show that A1 is mainly due to dipolar transitions to on-site hybridized 4p x,y − 3d(t 2g ) final states which gives a strong dipolar LD to the transition with a weak quadrupolar component from (3d xz , 3d yz , 3d x 2 −y 2 ) states. The A3 peak is due to a mixture of dipolar transitions to hybridized 4p x,y,z −(3d xy , 3d z 2 ) final states as a result of strong hybridization with the 3d orbitals of the nearest Ti neighbour with a small quadrupolar component. The B peak is purely dipolar (4p orbitals in the final state) and is an off-site transition (the electron final state is essentially away from the absorbing atom). Finally, we experimentally observe a quadrupolar evolution of the A2 peak amplitude, in qualitative agreement with the finite difference method (FDM) calculations. We argue that the amplitude of this transition may strongly depend on atomic vacancies which allow orbital mixing via lowered symmetries. This explains the relatively intense A2 peak in amorphous TiO 2 [21] or after photoexcitation of anatase or rutile TiO 2 [26, 22, 23 ].
Experimental setup 2.1 Linear dichroism
The LD measurements are performed at the SuperXAS and MicroXAS beamlines of the SLS in Villigen, Switzerland using a double Si(311) crystal monochromator to optimize the energy resolution. Energy calibration is performed from the first derivative of the XAS spectrum of a thin Ti foil. We used an unfocused square-shaped X-ray beam of 20 × 200 µm 2 in horizontal and vertical dimension, respectively. The XAS spectrum is obtained in total fluorescence yield with a Ketek Axas detector system with Vitus H30 SFF and ultra-low capacitance Cube-Asic preamplifier (Ketek Gmbh).
The sample consists of a (001)-oriented crystalline anatase TiO 2 thin film (thickness ∼ 30 nm, sample growth and characterization in Supplementary Information (SI) §1) mounted on a manual Huber goniometer (model 1001). The goniometer is mounted onto a motorized rotating stage (Kohzu) providing the angle of rotation φ ( Figure 1 ) and two orthogonal vertical micrometer linear translation stages (Thorlabs PT1 model). The ensemble is mounted onto two orthogonal horizontal motorized linear stages and a rotation stage (Kohzu) providing the angle of rotation θ (Figure 1) . A fixed rotation axis (x) is set at the sample surface by visualizing a fixed metallic tip mounted in the goniometer with a telemicroscope and a side view camera when θ and φ are changed. By convention, a set of Euler angles (θ, φ, ψ) orient the electric fieldǫ and wavevectork with respect to the sample surface. θ measures the angle betweenǫ and the [001] crystal direction (ẑ axis of the sample frame) orthogonal to the surface. φ measures the angle betweenǫ and the sample rotation axisx. In principle, a third angle ψ is necessary to fix the position of the wavevector in the orthogonal plane to the electric field but here ψ = 0 • . The θ angles reported in the experimental datasets are with a maximum systematic offset of ±0.2 • which comes from the precision setting up the θ =0 • reference from the sample half-clipping of the X-ray beam at grazing incidence. The precision of the rotation stage of ±0.01 • is negligible with respect to this angular offset.ẑ LD is usually studied with the sample rotated in the plane orthogonal to the incident X-ray beam (φ-rotation) [30] . Here, the sample is also rotated in an unconventional way aroundx (θrotation) and the X-ray footprint onto the sample surface changes with the incidence angle θ. However, we clearly show in this paper that this procedure does not introduce spectral distortions because the effective penetration depth of the X-rays through the material (between 2 and 15 µm across the absorption edge of a-TiO 2 for the largest θ = 1 • used here [31] ) is kept constant as the sample is much thiner than the attenuation length at the Ti K-edge. Instead, the total amount of material probed by the X-rays changes due to the larger X-ray footprint when θ increases and a renormalization over the detected number of X-ray fluorescence photons is required. This is done with the support of the FDMNES calculations since a few energy points have θ-independent cross-sections as previously reported on other systems [32, 33, 34, 35, 36, 37, 38] (vide infra) 1 . With this renormalization procedure performed at a single energy point (4988.5 eV), we could obtain a set of experimental points with θ-independent cross-sections at the energies predicted by the theory confirming the reliability of the method. Hence, crystalline thin films with suitable thicknesses with respect to the X-ray penetration depth offer more possibilities to study LD effects than single crystals and prevent the usual self-absorption distortion of bulk materials when using total fluorescence yield detection [39] .
Theory

Finite difference ab-initio calculations
The ab-initio calculations of the XAS cross-section were performed with the full potential FDM as implemented in the FDMNES package [40, 29] . A cluster of 7.0Å was used for the calculation with the fundamental electronic configuration of the oxygen atom and an excited state configuration for the titanium atom (Ti: [Ar]3d 1 4s 2 4p 1 ) meaning that the calculation was not performed selfconsistently (not recomputing the potential at every iteration and re-estimating the Fermi energy). We checked the convergence of the calculation for increasing cluster sizes and found minor evolution for larger cluster radiuses than 7.0Å (123 atoms). The Hedin-Lundqvist exchange-correlation potential is used [41] . Since the calculation is not performed self-consistently, a minor adjustment of the screening properties of the 3d levels needs to be used to match the energy position of the pre-edge features with the experiment. We found the best agreement for a screening of 0.85 for the 3d electrons. An arctan convolution is applied to include core-hole broadening effects. A constant experimental gaussian broadening of 0.095 eV is applied to the calculated spectrum to account for the experimental resolution of the experiment and get the closest agreement with the broadening of the pre-edge peaks.
Spherical tensor analysis of the dipole and quadrupole cross-sections
Analytical expressions of the dipole and quadrupole XAS cross-sections (σ D (ǫ) and σ Q (ǫ,k) respectively) are obtained from their expansion into spherical harmonics components [30, 42] . The expressions of σ D (ǫ) and σ Q (ǫ,k) depend on the crystal point group which is D 4h (4/mmm) for a-TiO 2 . The dipole cross-section is given by: 
In the following, the polarizations ofǫ andk are given in the crystal frame. Consequently, the corresponding polarizations for the site frame are given byǫ S = R −1 (ǫ) andk S = R −1 (k). Although some terms of σ D (ǫ) and σ Q (ǫ,k) may be negative, the total dipolar and quadrupolar cross-sections must be positive putting constraints on the values of σ D (l, m) and σ Q (l, m). The electric fieldǫ and wavevectork coordinates in the (x,ŷ,ẑ) basis of Figure 1 are given by:
Hence the detail of the cross-section angular dependence requires the estimate of the spherical tensors σ D (l, m) and σ Q (l, m) as performed elsewhere [43] . The XAS cross-section measured experimentally is an average over equivalent Ti atoms under the symmetry operations of the crystal space group. The analytical formula representing this averaged cross-section requires the site symmetrization and crystal symmetrization of the spherical tensors, which is provided in SI §5 and §6. From this analysis, we obtain nearly equal (up to a sign difference) crystal-symmetrized ( σ(l, m) X ), site-symmetrized ( σ(l, m) ) and standard (σ(l, m)) spherical tensors. Assuming pure 3d and 4p final states in the one-electron approximation, analytical expressions are provided for σ D (ǫ) and σ Q (ǫ,k) whose angular dependence with θ and φ are given in Table 1 . The full expressions of the cross-sections are provided in SI §6. In this paper, we analyze the angular dependence of the pre-edge peak intensities with θ and φ and assign them to specific final states corresponding to Ti-3d or 4p orbitals with the support of both FDM and spherical tensor analysis. (ǫ,k) ).
Results
The evolution of the Ti K-edge spectra with θ is depicted in Figure 2a . The spectra are normalized at 4988.5 eV where the cross-section is expected to be θ-independent according to FDMNES calculations (shown by the leftmost black arrow in Figure 2b ). From this normalization procedure, a series of energy points with cross-section independent of the θ angle appear in the experimental dataset, as predicted by the theory (black arrows in Figure 2a and 2b) showing the reliability of the normalization procedure. In the pre-edge, the amplitudes of peaks A1 and A2 are dramatically affected by the sample orientation. In the post-edge regions, significant changes are observed as well.
Ab-initio FDM calculations of total XAS cross-section (dipolar and quadrupolar) are presented in Figure 2b for the same angles of incidence θ as in the experiment. In the pre-edge region, the trends for peak A1 are nicely reproduced. For peak A3, the agreement is of lesser quality but the absence of peak A2, which originates from defects [7, 18, 19, 20] that are not included in our perfect crystal modelling, may be one of the reasons. In the post-edge region, a good agreement is found especially for the isosbestic points. This shows that a strong LD remains well above the edge in this material.
The evolution of the spectra are also shown for a fixed incidence angle θ = 45 • while the sample is rotated around φ (Figure 3a) 2 . We observe a minimal evolution for the amplitudes of the peaks A1 and B while a larger effect is distinguished in the spectral region of peak A2 and A3. Ab-initio calculations with the sameǫ andk orientations as in the experiment are depicted in Figure 3b . Only a weak evolution of the amplitude of the pre-edge features is expected and is essentially located in the region of peaks A2 and A3. The absence of evolution at A1 is due to the fact that the corresponding quadrupolar component is minimum at θ = 45 • . The evolution of the peak A2 amplitude is extracted and depicted in Figure 5a of the SI. It is clear that the amplitude of peak A2 is not independent of the angle φ since the polar plot does not exhibit a circle. A fit with a quadrupole evolution is shown (black line) which has a minimum amplitude for θ = 0 • [90 • ]. Figure 5b of the SI shows the expected evolution from the spherical tensor analysis for the two orbitals contributing to the density of states (DOS) in the final state. The experimental evolution is compatible with a transition to 3d x 2 −y 2 orbital in agreement with the orbital identified with the θ scan (Figure 7b ). After fitting peaks A2 and A3 for the 18 angles of the measurements, we find that the amplitude of peak A3 is essentially independent of φ which is compatible with the essentially dipolar character of this transition (SI, Figure 6 ). In order to describe the origin of the LD and assign the pre-edge resonances, the projected DOS of the final states for the pre-edge and post-edge region is depicted in Figure 4 (we drop the term "projected" in the following for simplicity). Due to the large differences between the DOS of s, p and d states, a logarithmic scale is used vertically and normalized to the orbital having the largest DOS contributing to the final state among s, p and d orbitals. For peaks A1, A3 and B, most of the DOS comes from d-orbitals while s-and p-DOS are comparable. However, due to the angular momentum selection rule, the spectrum resembles the p-DOS as witnessed by the similarity between the integrated p-DOS and the calculated spectrum (Figure 4e ). Importantly, peak A1 has only (p x , p y ) contributions meaning that this transition is expected to have a much weaker intensity when the electric field gets parallel to theẑ axis, in agreement with the observed increase of its amplitude when θ increases ( Figure 2) . The d-DOS at peak A1 involves d xz , d yz and d x 2 −y 2 orbitals, and the first two can hybridize with the (p x ,p y ) orbitals and relax the dipole selection rules. The dipolar nature of A1 is also seen from the monotonic increase of its amplitude from θ = 0 • to θ = 90 • , inconsistent with a quadrupolar allowed transition with 90 • periodicity. Following the same analysis, peaks A3 and B do not undergo a strong change in amplitude under rotation because (p x , p y ) and p z contribute similarly to the DOS for these transitions although FDM calculations show that A3 should evolve in intensity with θ due to a ∼20% larger DOS for p z than for p x , p y . From the integrated d-DOS along (x, y) and z ( Figure 5) , we notice the inconsistency between the peak amplitudes in the theory and the experiment, which shows that they are essentially determined by the p-DOS.
For a more quantitative description of the dipolar and quadrupolar components in the pre-edge, we extracted the quadrupolar cross-section from FDM calculations. It is depicted as thin lines in the inset of Figure 2b . The quadrupolar contributions are limited to peaks A1 and A3 with a small contribution in the spectral region of peak A2. At peak A1, the quadrupolar amplitude is maximum for θ = 0 • and θ = 90 • and the total cross-section becomes mainly quadrupolar for θ = 90 • while the quadrupolar component contributes ∼ 15% of the peak amplitude for θ = 0 • . From the development of the cross-section into spherical harmonics (Table 1) , the cross-section of dipolar transitions to p x,y final states is expected to vary as cos 2 θ while transitions to p z vary as − cos 2 θ (see Figure 6a ). The fitted evolution of the dipolar cross-section of peak A1 from FDM calculations is compatible with a transition to p x,y (green line in Figure 7a ). The quadrupolar component (red line in Figure 7a ) is compatible with a transition to d xz , d yz due to its − sin 2 θ cos 2 θ predicted evolution in agreement with the d-DOS at peak A1 (Table 1 and Figure 6b ). The comparison between the experimental and theoretical amplitudes of peak A1 (Figure 7a) gives a satisfactory agreement further confirming that the A1 transition is mostly dipolar to p x,y final states (fitting details in SI §??). Following the same analysis, we find that the evolution of A3 and B amplitudes are expected to have a dominant p z -DOS character for the former and p x,y -DOS for the latter. Since the experimental evolution of their amplitudes is rather weak, it not possible to assign these transitions experimentally (SI, Figure 4 ).
As pointed out earlier, the quadrupolar cross-section has a doublet structure in the region of peak A2 and A3 (inset of Figure 2b) . The most intense of the two peaks is in the spectral region of peak A2 where the transition involving defects is expected in a-TiO 2 real crystals. This quadrupolar component reaches its maximum amplitude for θ = 45 • . A closer look at the evolution of the A2 amplitude with θ shows a quadrupolar evolution with maximum value at θ = 45 • (Figure  7b ). It indicates that although the amplitude of A2 is underestimated in the FDM calculation, the consensus that A2 originates from undercoordinated and disordered samples may be more complicated, as discussed in section 5.2.
From this combined experimental and theoretical analysis, we emphasize that consecutive peaks in the pre-edge are not simply due to the energy splitting between t 2g and e g as previously invoked [17] . In the case of a-TiO 2 , this splitting is more complicated than the usual octahedral crystal field because of the strong hybridization between p and d orbitals in a lowered symmetry environment which affects the relative ordering between the transitions. The consistent results between experiment, FDM calculations and spherical tensor analysis show the reliability of the assignment provided in this work. A summary of the previous assignments of peaks A1 to B is provided in Table 2 together with our results.
Discussion
Local versus non-local character of the pre-edge transitions
Pre-edge transitions can originate either from on-site (localized) or off-site transitions involving neighbor Ti atoms of the absorber. Off-site transitions are dipole allowed due to the strong p − d orbital hybridization [16] . This effect has been shown on NiO, an antiferromagnetic (AF) chargetransfer insulator, for which the transition to 3d orbitals of the majority spin of the absorber is only possible between Ti sites due to the AF ordering [27] . Hence, to disentangle between the local or non-local character of the pre-edge transitions in anatase TiO 2 , we performed FDM calculations The calculation for TiO 6 (green curve) shows only A1 and A2 peaks meaning that they are mostly on-site transitions. This is consistent with the quadrupolar evolution of peak A2 which is only possible locally. The absence of peaks A3 and B suggests that they are mostly non-local transitions in agreement with Ref. [17] . Increasing the cluster size to 4Å includes the second shell of Ti ions, which generates most of the A3 amplitude. This shows that similarly to NiO, an energy gap opens between the on-site and off-site transitions to 3d orbitals of Ti and that A3 is mostly dipolar and strongly influenced by the intersite 3d − 4p hybridization. Peak B is missing for this cluster size which shows that it is due to a longer range interaction and can be reconstructed with a 5Å cluster including the next shell of neighbor Ti atoms.
Origin of peak A2
The experimental angular evolution of the A2 amplitude ( Figure 7b ) matches a quadrupolar transition, qualitatively consistent with FDMNES calculations (Figure 2b , inset). Since it has been shown that A2 is related to lattice defects [7, 18, 19, 20, 22, 23, 26] , the question arises as to the physical details of this connection. Because of its purely quadrupolar character, one possible reason for the underestimated A2 amplitude in the theory is due to the fact that a perfect lattice has been considered. The occurrence of an oxygen vacancy in the vicinity of a Ti atom will lower the D 2d symmetry and introduce p − d orbital mixing in the pentacoordinated Ti atom increasing the transition amplitude while the angular dependence of the A2 peak remains mainly quadrupolar. The dipolar component introduced by this process may explain the deviation of the experimental point to the "perfect" quadrupolar transition with an increase in cross-section between the points at θ = 0 • to θ = 90 • . In principle, this effect is also possible on the quadrupolar cross-section of peak A1 but may not be significant because of the strong dipole contribution already present in the perfect crystal. Ab-initio FDM calculations performed on octahedral TiO 6 and undercoordinated TiO 5 molecular clusters show an enhancement of A1 and A2 amplitudes when the oxygen vacancy is introduced at the apical or equatorial position with a stronger enhancement of A2 amplitude. This is fully compatible with our recent studies on photoexcited anatase and rutile TiO 2 nanoparticles [22, 23, 26] , which show a transfer of spectral weight from anatase to amorphous increasing significantly the A2 peak amplitude.
Conclusion
In summary, a complementary approach using experimental LD measurements at the Ti K-edge of anatase TiO 2 , ab-initio FDM calculations and spherical tensor analysis provides an unambiguous assignment of the pre-edge features. The distinction between on-site and off-site transitions is possible using different cluster sizes in the FDM calculations. The LD is visible well above the absorption edge due to the strong p-orbital polarization in a-TiO 2 which affects the amplitude of the EXAFS through an anisotropy of the single scattering terms. Surprinsingly, a quadrupolar angular evolution is observed for peak A2. A connection between the unexpectedly large experimental amplitude of this peak is made with oxygen vacancies forming pentacoordinated Ti atoms, which adds a small amount of dipolar components via p − d orbital mixing. Experiments are on-going to extend this work to rutile TiO 2 .
The present results and analysis should be cast in the context of ongoing ultrafast X-ray spectroscopy studies at Free Electron Lasers [44, 45] . For materials such as TiO 2 , the increased degree of detail that can be gathered from such sources was nicely illustrated in a recent paper by Obara et al. [24] on a-TiO 2 who showed that the temporal response of the pure electronic feature (at the Ti K-edge) was much faster (∼100 fs) than the response (∼330 fs) of structural features such as the above-edge XANES. The present work shows that by exploiting the angular dependence of some of the features, even up to the EXAFS region, one could get finer details about the structural dynamics, in particular in the case of non equivalent displacements of nearest neighbours. Work is in progress in this respect.
